Unmanned Aerial Vehicles (UAVs) are proliferating in both the civil and military markets. Flapping wing UAVs, or ornithopters, have the potential to combine the agility and maneuverability of rotary wing aircraft with excellent performance in the low Reynolds number flight regimes. The purpose of this paper is to present new free flight experimental results for an ornithopter equipped with single degree of freedom compliant spines. The compliant spines are designed and optimized in terms of mass, maximum von-Mises stress, and desired wing bending deflections. The spines are inserted in an experimental ornithopter wing leading edge spar, in order to achieve a set of desired kinematics during the up and down strokes of a flapping cycle. The ornithopter is flown at Wright Patterson Air Force Base in the Air Force Research Laboratory Small Unmanned Air Systems (SUAS) indoor flight facility. Vicon® motion tracking cameras are used to track the motion of the vehicle for four different wing configurations. The effect of the presence of the compliant spine on the wings and body kinematics, as well as the leading edge spar deflection during free flight is presented in this paper. Several metrics were used to evaluate the vehicle performance with various compliant spine designs inserted in the leading edge spar of the wings. Results show that passively morphing the wings, via adding compliance in the leading edge spar, does not require additional power expenditure and is beneficial to the overall vertical and horizontal propulsive force production.
INTRODUCTION
In recent years, flapping wing Small Unmanned Aerial Vehicles (SUAVs), or ornithopters, have shown the potential for advancing and revolutionizing SUAV performance in both the civil and military sectors [1] . Compared to fixed wing and rotary wing vehicles, an ornithopter is unique in that it can combine the agility and maneuverability of rotary wing aircraft with excellent performance in low Reynolds number flight regimes. These traits could yield optimized performance over multiple mission scenarios. Nature achieves such performance in birds using wing gaits or kinematics that are optimized for a particular flight condition [2, 3] .
Modern designs for wing morphing in flapping wing SUAVs utilize rigid-link mechanisms, such as rigid four-bar mechanisms, or involve active morphing techniques [4] [5] [6] . Most active wing morphing mechanisms for ornithopters have resulted in designs that are heavy and too complicated to be implemented during free flight and were limited to bench top tests [7, 8] . In contrast to rigid-link mechanisms and active approaches, the focus of the current research is on the implementation of a novel passive morphing technique using compliant mechanisms. Passive morphing is defined such that the shape change is a result of the operational loads the vehicle experiences during flight and not due to a separate actuation mechanism. When compared to active morphing, passive morphing mechanisms require no actuation energy expenditure, minimal weight addition and a significant reduction in complexity.
The overall goal of the research presented here is to increase the range and endurance of flapping wing SUAVs by employing passive bio-inspired structural modifications. The structural modification implemented in the ornithopter wings is in the form of a contact aided compliant mechanism that is designed to be inserted in the wings leading edge spar to mimic the function of an avian wrist. In this paper, free flight data comparing performance metrics for a test ornithopter with and without the compliant mechanism is presented. The data collected is used to assess the effect of the compliant mechanism on wing and body kinematics, and the vehicle's overall performance, as well as increase the understanding of the flight physics and dynamics of flapping wing unmanned vehicles. Wing kinematics data was previously collected on a bench top where the ornithopter fuselage was clamped to a six degree of freedom (DOF) load cell [9, 10] . This paper is organized as follows: the research approach and a summary of the compliant spine design optimization are presented in Section 2. Section 3 then discusses the experimental procedures and ornithopter set-up. Lastly, Section 4 presents the free flight tests results of the baseline ornithopter kinematics and the effect of the compliant spine presence on the leading edge spar deflection and vehicle's overall performance.
RESEARCH APPROACH 2.1. Bio-inspired Approach to Passive Wing Morphing
The benefits and efficacy of passive wing morphing attained by introducing an asymmetry into the leading edge wing spar of a test ornithopter during the up and down strokes have been previously investigated in References 11 and 12. In Reference 11, Mueller et al. designed three different compliant hinges, each of these hinges allowed for bending during the upstroke only. Only one of these designs was successful enough to support flight, however the lift gains produced by this design also incurred some thrust penalties. Billingsely et al. installed passive torsional springs into the leading edge spar at the wing half span in order to exploit the advantages of wing surface area reduction during the upstroke [12] . These springs were designed to deflect during the upstroke only and lock during the downstroke. Wing bending during the upstroke reduces the wing relative area (i.e., the wing area perpendicular to the flapping motion), which in turn mitigates the drag penalties and negative lift experienced by the test ornithopter during this portion of its wing beat cycle.
While the results of Billingsely's experiment show an increase in net lift, the results also show that significant thrust penalties were incurred. It was concluded that more sophisticated wing kinematics are required in order to maintain the lift gains while mitigating thrust penalties, thus improving the overall aerodynamic performance of the ornithopter. The desired kinematics can be found in natural flyers. A bio-inspired gait known as the Continuous Vortex Gait (CVG) is shown in Figure 1 [13] . The front view in Figure 1 shows the wing bending, the side view shows that wing twist, and the top view shows the wing sweep at mid downstroke (left) and mid upstroke (right). A detailed discussion of the kinematics of CVG can be found in References 2 and 3. The advantage of using the CVG is that it can be implemented passively because it requires motion in only one major joint, namely the wrist.
In order to implement the CVG on a test ornithopter and to achieve improved performance, specific wing kinematics are required. The outer section of the wing has to bend, sweep and twist simultaneously during the upstroke, while remaining fully extended during the downstroke. The wrist, as shown in Figure 1 , is the primary joint responsible for the radical shape changes in the CVG gait. In order to implement the CVG kinematics, a compliant mechanism called a compliant spine was placed in the location where an avian wrist would exist, namely at 37% of the wing half span [2] . Figure 2 shows a schematic of the compliant spine and its location along the leading edge spar of an ornithopter.
Compliant Spine Design Optimization
In order to implement the CVG, a 3DOF motion is required, namely bending, sweep and twist. The focus of this paper, however, is using the compliant spine (CS), which is a 1DOF mechanism that allows for bending only, to achieve passive wing morphing. Other papers published by the authors focus on the design optimization and testing of bend-sweep and twist compliant mechanisms [14, 15] . The compliant spine is a novel, monolithic, nonlinear contact-aided compliant mechanism. Compliant mechanisms have numerous advantages over rigid-link mechanisms. They are easier to manufacture and have lower cost because they are usually monolithic in nature. During the upstroke, the compliant spine must allow the wing to morph in the bending direction, while during the downstroke, it must become stiff, mimicking a rigid spar. A schematic illustrating the desired stiffness of a compliant spine compared to the rigid spar and to a torsional spring is shown in Figure 3 (a) [16] . In the figure, the Yaxis represents the integrated lift force produced by the wings over one flapping cycle and applied at the tip of the compliant spine as a conservative assumption. The X-axis represents the compliant spine tip bending deflection, Z deflection . As illustrated, the desired stiffness of the compliant spine is nonlinear. It is stiff in the downstroke, similar to that of a rigid spar, and flexible in the upstroke, similar to a torsional spring. Figure 3(b) shows a CS design with three compliant joints. The design is flexible in bending during upstroke because of the compliance of the semi-circular compliant hinges, and it is stiff in bending during downstroke because the slanted faces come into contact with one another. An optimization procedure was initially implemented to design a single compliant hinge with a single compliant joint [9, [16] [17] [18] . Later, an optimization procedure involving steady state dynamic analysis was performed on compliant spines with more than one compliant joint. This procedure yielded a family of designs that met the requirements for maximum von-Mises stress, and desired wing bending deflections. Figure 4 shows the typical von-Mises stress distribution in a three joint compliant spine at mid upstroke and mid downstroke. The number of compliant joints and the shape of each compliant joint affect the performance of the compliant spine. The design parameters that affect the joint's stiffness during the upstroke were related to the shape of the compliant hinge, while the design parameters that affect the downstroke stiffness were related to the geometry of the contact surfaces. Several compliant spines were tested during the flight test. Figure 5 shows all compliant spine designs tested. Each compliant spine design was given a name designation consisting of a number and two letters (e.g. 4PM). The number in the name of the compliant spine referred to the design number assigned by the optimization algorithm. The two letters in the name referred to the loading condition under which this compliant spine was designed. During the optimization procedure, the lift force distribution was approximated as a bending moment applied at the tip of the CS. The magnitude of the pure moment (PM) applied on the CS was assumed to be the maximum moment that the CS saw when a tip load, representing the integrated lift load [17, 18] , was applied. Figure 6 shows the pure moment loading condition as well as the boundary conditions. In reality, the CS experiences a lift load distribution that is a combination of both moment and bending loads. The design optimization procedure implemented is described in detail in References 16 through 18.
EXPERIMENTAL PROCEDURES
Several flight tests were conducted in order to assess the performance of the ornithopter equipped with various compliant spine designs. The flight tests were conducted at the Wright Patterson Air Force Base (WPAFB) in the Air Force Research Lab's (AFRL) Indoor Small Unmanned Aerial Systems (SUAS) laboratory. This facility is the largest Vicon® motion capture system lab in the United States. This section describes the ornithopter preparation, test configurations flown, equipment used, and the experimental set-up. Figure 7 shows a picture of the flight test chamber in the SUAS lab.
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CS Design Name CS Design Geometry
Comp 4PM
Comp 14PM
Comp 24PM Figure 5 . The geometry of the three compliant spine designs tested during the free flight tests Figure 6 . Compliant spines were assumed to have clamped-free boundary condition and were designed using pure moment (PM) loading condition 
Ornithopter Wing Configurations
Four ornithopter wing configurations were tested. The first configuration tested was an ornithopter with a uniform, carbon fiber wing spar. This configuration is referred to as the solid configuration for the remainder of this paper. The remaining configurations were equipped with compliant wing spars. A compliant wing spar was defined as a carbon fiber spar with a compliant spine inserted at 37% of the wing half-span to mimic the function of the avian wrist. Three compliant spine designs were tested, thus there were four configurations (1 solid and 3 compliant). Table 1 includes common test platform specifications [20] .
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. Compliant Wing Spar Configurations
The same test ornithopter was flown for the compliant wing spar configurations. The only difference between the compliant and solid spar ornithopter wing configurations was the presence of a compliant spine design in the leading edge spar. All of the compliant spines were made from Delrin and were 63.5 mm (2.5") long with 25.4 mm (1") tabs on both sides to allow for attachment to the leading edge spar. The compliant spine was attached to the carbon fiber spar of the leading edge using six 5-40 bolts and a Delrin collar, as shown in Figure 9 . The characteristic differences between the various compliant spine designs are the number of compliant hinges and the compliant joint geometry. Table 2 lists the compliant spine designs tested, the number of compliant hinges, and the total mass of the ornithopter with these spines inserted in its leading edge spar and including all the components that was previously present in the solid configuration.
Test Platform Experimental Setup
Fifty-three reflective spherical markers were attached to the test vehicle in locations that were deemed necessary in order to obtain sufficient data to fully determine the vehicle wing and body kinematics. Out of the fifty-three markers, forty-four 6.35mm (0.25") diameter markers were placed in an asymmetrical pattern on the wings in order to aid in down range tracking. The other 9 markers were distributed as follows: 5 were placed on the fuselage to determine the ornithopter's body kinematics, 3 were placed on the tail to record user control inputs and 1 was placed at the wing root to measure the wing angle during a given flapping cycle. Figure 10 shows the placement of the wing reflective markers. Markers were distributed over both wings to balance the weight and they were placed asymmetrically to aid with tracking and post-processing. Data was collected at a sampling rate of 200Hz during these tests. The Vicon® motion capture system was used to capture and contrast the ornithopter wing 3D kinematics with and without the compliant spine inserted in the leading edge spar. In addition to the Vicon® markers, a current sensor was attached to the ornithopter body and was connected in series between the electric speed controller (ESC) and the battery in order to measure the current drawn by the motor. The data was recorded using an onboard Logomatic v2 Serial SD data logger. Figure 11 (a) and Figure 11 (b) show a schematic of the current sensor connection and a picture of the data logger, respectively. The voltage was supplied during the test using a 1350mAh, 3S, 11.1V, G6 Pro Lite 25C Lithium Polymer battery. The voltage supplied by the battery was recorded at the beginning of each flight and was assumed constant during a given test run. Each flight test run averaged between 10 to 15 seconds.
Flight Testing Technique
To aid in test data repeatability and prevent vehicle impacts with the chamber walls, a low-friction tether was utilized to guide the vehicle within the test chamber. The vehicle was suspended from a lead wire hung from this tether in order to restrain its flight path. Results shown in Section 4.1 confirms that above a certain height, the vehicle was no longer hanging on the lead line but is in free flight. The lead line was able to slide along the tether by using a barrel swivel attachment. The tether was strung horizontally between two trusses at opposite corners of the flight lab, at 2.1 m (7 ft.) height in order to maximize flight distance and keep the test vehicle at a height where camera coverage is ideal. The tether also prevented the vehicle from leaving the region where high-speed cameras were recording the flight.
A wire crimp and a braking tether were used at the end of the flight path in order to arrest the vehicle at the end of each test run. Figure 12 shows a schematic of the test setup. 
ORNITHOPTER KINEMATICS RESULTS
This section presents the free flight experiment results and is divided into three main sub-sections. The first sub-section explains the characteristics of a test ornithopter's free flight wing and body kinematics. The second sub-section discusses the effect of the presence of the compliant spine on the leading edge spar deflections. Lastly, the third sub-section introduces several flight metrics to compare the overall vehicle performance with and without the compliant spine inserted in the wings.
Ornithopter's Free Flight Kinematics
One of the goals of these flight tests was to extend the current database of steady level free flight data for avian-scale ornithopters. In order to attain this goal, consistent and repeatable kinematics over several flapping cycles were required. Before presenting the collected flight test data, the inertial reference frame, C I, and body fixed frames, C 0, used during this test are defined as shown in Figure 13 . The inertial reference frame is defined in accordance to the north, east, down (NED) convention and the body axis is defined where the axes are pointing out the nose, right wing, and underside of the ornithopter. Both reference frames are in accordance with standard aircraft body axes convention [21] . As such, a negative Z position indicates upwards displacement and a positive Z position indicates downwards displacement. Figure 13 also shows the naming convention for the position vectors. For example, r 0,I was defined as the position vector of the center of mass of the fuselage with respect to the inertial frame. Moreover, r p,I and r p,0 were defined as the position vector of any point, p, on the vehicle with respect to the inertial reference frame and the body reference frame, respectively. Figure 14 shows the measured X, Y and Z positions of the 53 markers that were mounted on the ornithopter relative to the inertial reference frame, C I . The figure also illustrates that repeatable tracking was achieved. The plot extends over eight consistent flapping cycles and represents a duration of 1.5 seconds of flight data. In order to estimate the accuracy of the markers' location and tracking, the ornithopter was placed in the middle of the control volume and the variances of the markers X, Y, and Z locations were computed. The maximum standard deviation was 0.10 mm, 0.10 mm, and 0.12 mm for the X, Y, and Z markers location, respectively. However, not only was it required that consistent and repeatable kinematics be achieved, but also this data needed to be recorded during steady level free flight. Figure 15 shows the side view of the 53 tracked markers during the eight consecutive flapping cycles shown in Figure 14 . The plot confirms that the ornithopter is in steady level flight. Moreover, Figure 16 shows the Z position above ground level (AGL) of the center of mass of the ornithopter's fuselage with respect to the inertial frame, r z 0,I . The location and orientation of the fuselage's center of mass was calculated by fitting a rigid body to the fuselage using the five markers that were mounted on it. More details about this technique can be found in Reference 21. The black line in Figure 16 represents a threshold altitude above which the vehicle is no longer hanging on the tether and therefore is in free flight. Thus from the figure, it can be concluded that the ornithopter was flying well above this threshold altitude and therefore this flight test was successful in measuring and recording the ornithopter's kinematics over several flapping cycles and during steady level flight.
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The significance of the body dynamics is apparent in Figure 18 . The body of the baseline or noncompliant ornithopter has an acceleration of ± 4 gs. During prior [22] and current flight tests, it was noticed that the vertical acceleration had a peak after the upstroke-downstroke transition and downstroke-upstroke transition points. Prior to these flight tests, the reason for this peak remained unexplained, these free flight tests attributes these peaks to the thrust flap portion of the wing. The thrust flap is shown in Figure 19 and it is the part of the wing primarily responsible for the thrust production. The thrust flap lags the main wing leading edge spar in changing directions at both stroke transition points. Figure 20 shows the Z position of the wing tip and the thrust flap with respect to the body frame, along with the vertical acceleration of the center of mass with respect to the inertial frame. The figure shows that the peaks that occur after the transition points, marked by the red circles, are due to the thrust flap portion of the wing changing directions. In other words, the thrust flap can be thought of as a hinged flat plate that when changes direction, it causes an increase in the body's acceleration. 
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Effect of Compliant Spine Presence on Leading Edge Spar Deflection
For the flight tests, the three compliant spine designs described in 2.2 were inserted into the wing leading edge spar. This section details the effect of the presence of the compliant spine on the leading edge spar bending deflection. During the upstroke, the compliant spine experienced passive bending due to the presence of the compliant joints. Figure 21 shows the Z deflection of the markers placed at the leading edge spar during the upstroke for both the solid and Comp 24PM wing configurations. The Z deflection for the leading edge spar markers was referenced to the body frame. The compliant spine design optimization predicted that a compliant spine with a larger number of compliant hinges tends to have a greater maximum bending deflection. Only results from designs Comp 24PM and Comp 4PM are shown in this section because these designs had the most and least number of compliant hinges, respectively. Figure 22 show the Z deflection of the markers placed on the right wing leading edge spar, at mid upstroke and mid downstroke. The figure confirms the design optimization predication that Comp 24PM is more flexible than design 4PM and therefore has a larger bending deflection.
At mid upstroke, the relative bending deflection between the compliant spar tip marker and the solid spar tip marker was 110.7 mm (4.35") and 83.24 mm (3.28") for the Comp 24PM and Comp 4PM designs, respectively. During the downstroke, upwards bending is observed, this bending occurs during the downstroke due to the presence of the contact gaps and flexibility of the Delrin TM material itself. The relative bending deflection between the compliant spar tip marker and the solid spar tip marker was 94.3 mm (3.71") and 72.6 mm (2.86") for the Comp 24PM and Comp 4PM designs, respectively. Overall, the downwards bending deflection of the compliant spines during the upstroke was greater than the upwards bending deflection during the downstroke by 17 % for Comp 24PM and 14% for Comp14 PM, thus an asymmetry in the wings kinematics was achieved due to the presence of the compliant spine. 
Effect of Compliant Spine Presence on Overall Vehicle Performance
This section discusses the effect of the presence of the compliant spine on the vehicle's performance. Several metrics were used to evaluate the vehicle's performance. These metrics can be divided into three categories: power expenditure, horizontal propulsive force and vertical propulsive force.
Power Expenditure
Most morphing wing mechanisms presented in the literature show performance benefits, however they suffer from weight penalties that necessitate additional power expenditures that mitigate the performance gains [7, 23] . The first metric that was used to evaluate the performance of the compliant and non-compliant ornithopter wing was the specific power. Specific power was defined as the electric power withdrawn by the flapping wing drive motor normalized by the mass of the ornithopter platform. Figure 23 shows a plot of the mean specific power over one flapping cycle for the compliant and solid leading edge wing spar configurations. The figure shows that when normalized by the mass of the various configurations, the power expenditure of the compliant versus non-compliant configurations is comparable. Consequently, carrying the additional weight of the compliant spines, as compared to the lower weight of the rigid spar, does not cost the vehicle any significant penalty from a power consumption stand point. The most compliant and heaviest configuration, namely Comp 24PM, has less than 5% penalty in specific power when compared to the solid configuration.
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Horizontal Propulsive Force
The second group of metrics used to compare the performance of the test ornithopter with and without the presence of the compliant spine was related to the horizontal acceleration of the center of mass with respect to the inertial frame, a x 0,I . The horizontal acceleration can be related to the vehicle's thrust production. According to the body fixed frame of reference, a positive a x 0,I corresponds to forward flight. Rather than using a x 0,I directly to compare the effect of the various compliant spines, an additional metric that is common in the literature, namely the horizontal load coefficient, C X is used [24] .The expression for C X is shown in Equation 1 and it is the coefficient of propulsive force in the horizontal direction.
( 1) where, m is the vehicle's mass, ρ is the air density, V f is the mean forward velocity, S is the wing area and a x 0,1 is the mean horizontal acceleration of the center of mass over one flapping cycle. C X is the non-dimensional form of the mean horizontal force generated by the ornithopter over one flapping cycle. A more intuitive way to explain C X is that, for a given distance per unit time, a vehicle that has a larger value of C X will have more propulsive power in the horizontal direction. Figure 24 compares the values of C X for the solid, Comp 4PM, Comp 14PM, and Comp 24PM wing configurations. The figure shows that Comp14PM, Comp 24PM, and Comp 4PM improve the coefficient of horizontal propulsive force. When comparing the values of C X for the compliant and noncompliant wing spar configurations, it should be noted that Comp 14PM has the highest propulsive force in the horizontal direction.
The second metric related to the horizontal propulsive force is called the power loading and it is defined as C X /C P [24] . The horizontal power loading metric describes the amount of horizontal force that can be generated per unit power consumed, thus maximizing this quantity would indicate that the vehicle is able to generate a given amount of horizontal force efficiently. C P is defined in Equation 2 and it is the non-dimensional mean electric power consumed over one flapping cycle [24] . (2) where, P -is the mean power consumed over one flapping cycle. The values of the horizontal power loading for the compliant and non-compliant configurations shown in Table 3 indicates that the ornithopter with Comp14PM wing spar configuration can generate horizontal propulsive force more efficiently than any of other configurations tested. Thus, Comp 14PM offers the best design for horizontal propulsive force production and therefore thrust and range. This is explained through further analysis of the effect of compliance on the mean horizontal acceleration of the center of mass during the upstroke and downstroke, separately. Data from this flight test shows that the compliance achieved during the upstroke causes penalties to the mean horizontal acceleration produced, while compliance during the downstroke results in gains. Thus, Comp14PM offers the best compromise between up and down strokes compliance for horizontal force production.
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The third and final group of metrics used are related to the vertical acceleration of the center of mass with respect to the inertial frame, a z 0,I . According to the inertial frame of reference, negative vertical acceleration corresponds to upwards acceleration. Therefore a higher negative acceleration indicates an increase in the body's upwards acceleration and the wings' downwards acceleration, or an increase in the positive vertical propulsive force produced by the wings. Figure 25 shows the vertical acceleration of the body center of mass for the Solid, Comp 4PM, and Comp 24PM configurations versus time normalized by the period of one flapping cycle. Only the most and least compliant configurations are shown below for graphical clarity; Comp 14PM exhibits the same body center of mass vertical acceleration characteristics.
The effect of the presence of a compliant spine in the leading edge spar is evident at two locations in the flapping cycle (marked by the dashed circles), as shown in Figure 25 . The first location is at the end of the upstroke just before the upstroke to downstroke transition. At this point, the compliant spine is changing from the bent configuration to the locked configuration, creating an effect similar to a whip lash and increasing the body upwards acceleration. This increase in the body upwards acceleration increases the wings' downwards acceleration, which is a favorable effect. During the downstroke portion of the flapping cycle, the behavior of the ornithopter with and without the compliant spine was predicted to be similar because the contact surfaces in each compliant hinge come together. However, as mentioned in Section 4.2 , due to the presence of the contact gaps and the difference in Young's modulus between the material of the solid spar (uni-directional carbon fiber composite) and the material of the compliant spine itself (DelrinTM) some upwards bending occurs during the downstroke. The second location where the effect of the compliant spine is apparent is during the second half of the downstroke. At this point the compliant spine has locked completely and the upward bending has started to occur. Thus, during the second half of the downstroke, an increase in the body's positive acceleration is observed due to the presence of the compliant spine. A higher positive vertical center of mass acceleration indicates an increase in the body's downwards acceleration and wings' upwards acceleration and therefore an increase in the amount of negative vertical propulsive force produced by the wings, which is an adverse effect.
A metric that is more common in literature, namely the vertical force coefficient, C Z is also used to compare the effect of compliance on the vertical propulsive force generated by the ornithopter [24] . The expression for C Z is shown in Equation 3 and it is the coefficient of propulsive force in the vertical direction.
(3)
Similar to C X , C Z is an indication of the propulsive force a vehicle can generate but in the vertical direction so, for a given distance per unit time, C Z can indicate the amount of propulsive power a vehicle can generate. As such, the objective here is to minimize C Z because, as explained before, a higher positive value for a z 0,I corresponds to more wings' upwards acceleration and more negative vertical propulsive force production. Table 4 Comp 24PM has the lowest value of and thus the best performance from a vertical load production stand point. Moreover, because the objective is to minimize rather than maximize C Z , it is not appropriate to use the power loading metric as previously used for the horizontal load coefficient.
CONCLUSIONS AND FUTURE WORK
The test results presented herein proved to be successful in producing consistent and repeatable flight data over more than eight free flight flapping cycles and several compliant spine configurations. Through these flight tests, the ornithopter body dynamics were shown to be significant, ±4gs for the solid configuration and with significantly different acceleration profiles with the compliant spines. The peak in the body's vertical acceleration that occurred after the upstroke-downstroke and downstrokeupstroke transition points was attributed to the kinematics of the thrust flap. The effect of the presence of the compliant spines in the wings on leading edge spar deflection was examined through the flight tests. Inserting the compliant spine into the leading edge spar introduced an asymmetry between the upstroke and the downstroke, as desired. However, the data shows that upwards bending occurs during the downstroke due to the flexibility of Delrin and the contact gaps. Several metrics were presented and used to compare the performance of the compliant and non-compliant or baseline ornithopter. The first metric used was the specific power; data showed that, when normalized by the vehicle's mass, the test ornithopter with any given wing configuration consumed a similar amount of electric power. The second group of metrics used were related to the horizontal force produced over one flapping cycle, results showed that Comp 14PM design improved the mean horizontal propulsive force the most when compared to the other wing-spar configurations. The third and last group of performance metrics were related to the vertical propulsive force produced over one flapping cycle. Comp 24PM design reduced the body's center of mass positive acceleration, which translates into overall vertical propulsive force gains. These flight tests showed that passively morphing the wings through introducing compliance in the leading edge spar is not only possible and requires no additional power expenditure but it is also beneficial to the overall vertical and horizontal propulsive force production. Future work includes performing an analytical stability analysis of the leading edge spar, to determine any compliant spine stiffnesses for which the system becomes unstable. This model will be used as a design tool that will guide future design optimization of multi-degree of freedom compliant elements. In addition, a quantitative comparison between the free flight tests results and constrained flight test results will be conducted. This is important because, if both tests results are similar, then being able to predict free flight performance of the ornithopter from constrained flight testing would be more cost efficient and much more feasible. Finally, it is recommended that in future flight tests, vehicle accelerations and orientations are measured directly using onboard inertial measurement units that include accelerometers and gyroscopes. Free Flight Testing and Performance Evaluation of a Passively Morphing Ornithopter International Journal of Micro Air Vehicles 
